Accumulating evidence indicates that genetically determined deficiency in the expression of the cytoplasmic serine-threonine protein kinase AKT1 may contribute to abnormal prefrontal cortical structure and function relevant to the cognitive disturbances in schizophrenia. However, it remains essentially unknown whether prefrontal AKT1 expression may also be influenced by environmental factors implicated in the aetiology of this mental illness. One of the relevant environmental risk factors of schizophrenia and related disorders is prenatal exposure to infection and/or immune activation. This study therefore explored whether prenatal immune challenge may lead to prefrontal AKT1 deficiency and associated changes in cognitive functions attributed to the prefrontal cortex. For these purposes, we used a well-established experimental mouse model of prenatal exposure to a viral-like acute phase response induced by the synthetic analogue of double-stranded RNA, polyriboinosinic-polyribocytidilic acid (PolyI :C). We found that adult offspring born to PolyI :C-treated mothers showed delay-dependent impairments in spatial working memory and recognition memory together with a marked reduction of AKT1-positive cells in the prefrontal cortex. These effects emerged in the absence of concomitant changes in prefrontal catechol-O-methyltransferase (COMT) density. Correlative analyses further demonstrated a significant positive correlation between the number of AKT1-positive cells in distinct prefrontal cortical subregions and cognitive performance under high storage load in the temporal domain. Our findings thus highlight that schizophrenia-related alterations in AKT1 signalling and associated cognitive dysfunctions may not only be precipitated by genetically determined factors, but may also be produced by (immuneassociated) environmental insults implicated in the aetiology of this disabling brain disorder.
Introduction AKT1 (V-akt murine thymoma viral oncogene homolog 1) is a cytoplasmic serine-threonine protein kinase which has been implicated in numerous biological functions such as cellular survival, growth and transcriptional regulation (Brunet et al. 2001 ; Song et al. 2005) . In the central nervous system (CNS), AKT1 serves as a key signalling intermediate downstream of dopamine D 2 receptors and thus may play an important role for central dopaminergic signalling and regulation of dopamine-associated behaviours (Beaulieu et al. 2004 (Beaulieu et al. , 2005 Lai et al. 2006 ; Ukai et al. 2004) . Accumulating evidence suggests that alterations in AKT1 signalling may be critically involved in schizophrenia (Emamian et al. 2004 ; Tan et al. 2009 ). Several genetic studies found a significant association between genetic variation in AKT1 and schizophrenia (Emamian et al. 2004 ; Ikeda et al. 2004 ; Norton et al. 2007 ; Tan et al. 2009 ; Thiselton et al. 2008 ; Xu et al. 2007 ) ; however, negative reports also exist (Ide et al. 2006 ; Liu et al. 2006 Liu et al. , 2009 . It has been suggested that reduced AKT1 expression may precipitate psychosis-related abnormalities by disrupting prefrontal cortical structures and functions (Emamian et al. 2004 ; Tan et al. 2009 ). In support of this hypothesis, recent investigations have shown that cognitive performance linked to frontostriatal circuitry and prefrontal physiology is altered in human subjects with a genetic variation in AKT1 that has been associated with schizophrenia (Tan et al. 2008) . Furthermore, AKT1-deficient mice display multiple changes in prefrontal pyramidal dendritic ultrastructure and concomitant deficits in working memory under dopamine agonist challenge (Lai et al. 2006) . The apparent impact of reduced AKT1 expression on prefrontal cortex (PFC) structure and function fits well with the suggested role of prefrontal cortical deficits in schizophrenia in general (Goldman-Rakic, 1994 ; GoldmanRakic & Selemon, 1997 ; Ragland et al. 2009 ; Weinberger et al. 1994) , and with the relative contribution of deficient dopaminergic signalling to the emergence of negative and cognitive symptoms of this disorder in particular (Davis et al. 1991 ; Knable & Weinberger, 1997) . Genetic disruption of AKT1 signalling may thus be critical for abnormal PFC functions underlying especially (but not limited to) the pathogenesis of cognitive symptoms in schizophrenia and related disorders (Tan et al. 2009 ).
In addition to the genetic liability to schizophrenia, various environmental factors have been found to increase the risk of this mental illness (Dean & Murray, 2005 ; McDonald & Murray, 2000) . Maternal infection during pregnancy is one of the relevant environmental factors that has been repeatedly demonstrated to significantly increase the risk of schizophrenia in the offspring (Brown, 2006 (Brown, , 2008 Brown & Susser, 2002 ; Fatemi, 2005 ; Patterson, 2007) . One prevalent hypothesis suggests that infection-induced disruption of fetal neurodevelopmental processes may predispose the organism to long-lasting changes in subsequent brain and behavioural development, thereby increasing the risk of psychotic disorders in later life (Fatemi, 2005 ; Gilmore & Jarskog, 1997 ; Meyer et al. 2007 Meyer et al. , 2008a Patterson, 2002) . In line with this hypothesis, experimental data have shown that the long-term neuropathological consequences of prenatal immune challenge include multiple alterations in PFC neurochemistry and morphology relevant to psychotic disorders (Baharnoori et al. 2009 ; Fatemi et al. 1999 ; Gilmore et al. 2004 ; Meyer et al. 2008b, c ; Winter et al. 2009 ). In addition, both experimental investigations in animals (Meyer et al. 2005 (Meyer et al. , 2006 (Meyer et al. , 2008 Ozawa et al. 2006) and recent studies in humans (Brown et al. 2009 ) demonstrate that prenatal infection and/or immune activation induces deficits in cognitive functions linked to prefrontal cortical networks. Considering the emerging role of AKT1 signalling in normal and abnormal PFC structure and function (Lai et al. 2006 ; Tan et al. 2008 Tan et al. , 2009 , abnormal AKT1 expression in this brain area may be an important but yet unidentified link between prenatal immune challenge and emergence of cognitive deficits relevant to schizophrenia in adulthood.
The present study was therefore designed to test this hypothesis by exploring the putative relationship between prenatal infection-induced alterations in prefrontal cortical AKT1 expression and cognitive functions linked to the PFC. We used a well-established mouse model of prenatal viral-like infection which is based on maternal gestational administration of polyriboinosinic-polyribocytidilic acid (PolyI :C). PolyI :C is a synthetic analogue of virus-specific doublestranded RNA which induces a cytokine-associated viral-like acute phase response (Kimura et al. 1994 ; Traynor et al. 2004) . Using this experimental model system, we first characterized the long-term effects of prenatal immune challenge on adult cognitive functions known to be sensitive to manipulations targeting the PFC (Dalley et al. 2004 ; Delatour & GisquetVerrier, 1999 ; Goldman-Rakic, 1996 ; Heidbreder & Groenewegen 2003 ; Robbins, 2000) . This included the assessment of spatial working memory and spatial novelty recognition. As a next step, we performed immunohistochemical investigations of AKT1 protein expression in the PFC of the same subjects, followed by correlative analyses between cognitive performance and prefrontal cortical AKT1 protein expression. Since genetic variants of AKT1 have also been found to produce epistatic effects with the genetic variants encoding for catechol-O-methyltransferase (COMT) (Tan et al. 2008) , an enzyme critically involved in the catabolism of cortical dopamine (Gogos et al. 1998 ; Napolitano et al. 1995 ; Yavich et al. 2007 ), we additionally included measurements of COMT protein in our immunohistochemical and correlative analyses.
Methods

Animals
C57BL6/J mice were used throughout the study. Female and male breeders were obtained from our in-house specific pathogen-free (SPF) colony at the age of 10-14 wk. Breeding began after 2 wk of acclimatization to the new animal holding room, which was a temperature-and humidity-controlled (21¡1 xC, 55¡5 %) holding facility under a reversed 12-h light/ dark cycle (lights off 08 : 00 hours). All animals had ad libitum access to food (Kliba 3430, Klibamü hlen, Switzerland) and water. All procedures described in the present study had been previously approved by the Cantonal Veterinarian's Office of Zurich, and are in agreement with the Principles of Laboratory Animal Care (NIH publication No. 86-23, revised 1985) . All efforts were made to minimize the number of animals used and their suffering.
Maternal immune activation during pregnancy
For the purpose of the maternal immunological manipulation during pregnancy, female mice were subjected to a timed mating procedure as described previously (Meyer et al. 2005) . Pregnant dams on gestation day (GD) 17 received either a single injection of PolyI :C (potassium salt ; Sigma-Aldrich, Switzerland) or vehicle. PolyI :C (5 mg/kg) was dissolved in sterile pyrogen-free 0.9 % NaCl (=vehicle) solution to yield a final concentration of 1 mg/ml and was administered via the intravenous (i.v.) route at the tail vein under mild physical constraint. The dose of PolyI :C and gestational window were chosen based on our previous studies in C57BL/6 mice (Meyer et al. 2005 (Meyer et al. , 2006 (Meyer et al. , 2008a . All solutions were freshly prepared on the day of administration and injected with a volume of 5 ml/kg.
Cognitive testing of offspring
All offspring were weaned and sexed on postnatal day (PD) 21. Littermates of the same sex were caged separately. All animals were maintained under ad libitum food and water diet unless specified otherwise. They were kept in a temperature-and humidity-controlled animal vivarium under a 12-h reversed light/dark cycle as described above.
Offspring from multiple independent litters (6 PolyI :C, 6 saline) were randomly selected for the cognitive phenotyping. Both male and female offspring were included in all the tests described below in order to assess potential sex-dependent effects of the prenatal immunological manipulation. The numbers of animals included in the control and PolyI :C groups were n=11 (5 male, 6 female) and n=10 (5 male, 5 female), respectively. Cognitive testing commenced when the offspring reached the adult stage of development starting on PD 80, and was always conducted during the dark phase of the light/dark cycle. Cognitive phenotyping of prenatally PolyI :C-exposed and control offspring included the assessment of spatial working memory in the cheeseboard maze and spatial recognition memory in the Y-maze according to modified protocols described by Kirwan et al. (2005) and Sanderson et al. (2007) . The basic procedures used for the cognitive phenotyping are described below. A detailed description of the test apparatuses and procedures can be obtained in the Supplementary Methods (available online).
Spatial working memory in the cheeseboard maze
The apparatus consisted of a wooden circular board containing 32 holes which were arranged in a radial design (see Fig. 1 a and Supplementary Methods) . Following the initial habituation (days 1-5) and pretesting (day 6) phases (see Supplementary Methods), working-memory testing was started. The workingmemory task was based on the matching-to-position paradigm, in which food-deprived animals were required to learn the novel position of a rewarded hole revealed to them on trial 1 of each day in order to navigate effectively to the same location (i.e. matching) on the subsequent trial on the same day. Hence, each test day included two trials. The reward remained in the same position across trials on a given test day, but took a new position on each test day. The daily change of the reward location ensured that the information acquired on a given day was irrelevant for the next day, thus taxing the flexible use of working memory (Baddeley, 2003) .
To manipulate the retention demand in the temporal domain, the inter-trial interval (ITI) varied between trials 1 and 2. First, a minimal ITI of 2 min was used for two consecutive days (days 7-8). The ITI was then increased to 5 min on the next two testing days (days 9-10), and then to 10 min thereafter (days 11-12). Finally, a maximal ITI of 15 min was used on the following six testing days (days 13-18) in order to consolidate the anticipated working-memory impairment in prenatally immune challenged animals under extended ITI conditions (Meyer et al. 2005 (Meyer et al. , 2008c . Working memory was indexed by the reduction in latency and distance moved to find the location of the reward in trial 2 relative to trial 1.
Spatial novelty preference in the Y-maze
Spatial recognition memory was evaluated by a spatial novelty preference task in the Y-maze 1 wk following completion of working-memory test in the cheeseboard maze. The apparatus was made of transparent Plexiglas and consisted of three identical arms radiating from a central triangle and spaced 120x from each other (see Supplementary Methods). The test of spatial recognition memory in the Y-maze consisted of two phases, namely the sample and choice phases.
blocked by a barrier wall door (see Supplementary Methods). To begin a trial, the subjects were introduced at the end of the start arm, facing the central triangle and were allowed to freely explore both the start and familiar arms for 5 min. The subject was then removed and kept in a holding cage during the specific retention intervals (see below) prior to the choice phase.
Choice phase. Following a specific retention interval (see below), the test subjects were reintroduced to the maze. During the choice phase, the barrier wall was removed so that the animals could freely explore all arms of the maze for 2 min. On each trial, the time spent in each of the three arms was recorded. The percentage time spent in the novel arm during the choice phase was calculated by formula (1) time spent in the novel arm time spent in all arms r100
( 1) and used as the index for spatial novelty preference. In addition, total distance moved on the entire maze was recorded and analysed in order to assess general locomotor activity.
To manipulate the retention demand in the temporal domain, the interval between the two phases (i.e. sample and choice phases) of the Y-maze test were varied. The interval between the two phases was then increased to 15 min in accordance with the extended (15 min) retention interval used for the workingmemory test in the cheeseboard maze.
Immunohistochemistry
The immunohistochemical analyses were conducted in the same animals previously subjected to cognitive testing. This allowed us to correlate the cognitive measures with the immunohistochemical data of interest. For the immunohistochemical studies, all animals were perfused transcardially, and the brains were processed for immunohistochemical staining as described in detail in the Supplementary Methods. AKT1 and COMT protein were visualized and analysed using standard immunohistochemical procedures (for a detailed description see Supplementary Methods).
Delineation of prefrontal cortical regions
All stereological and densitometric analyses (see below) were conducted in the three main areas of the mouse PFC, namely the anterior cingulate cortex (CG), prelimbic cortex (PL) and infralimbic cortex (IL). Each of these regions was delineated according to the atlas of Franklin & Paxinos (2008) . The stereological and densitometric analyses were conducted on brain sections ranging from bregma +2.2 mm to +1.7 mm (see Fig. 3a ).
Stereological estimates of AKT1-immunorecative cells
The number of AKT1-immunoreactive cells in the three prefrontal cortical regions of interest (CG, PL, IL) of the right brain hemisphere was determined by stereological estimations using the optical fractionator method (Gundersen et al. 1988) . Since the expression of AKT1 protein was found to be highly enriched in the cell cytoplasm (see Fig. 3 b) , it was feasible to precisely delineate individual AKT1-immunoreactive cells necessary for stereological estimations. A detailed description of the stereological analyses performed can be found in the Supplementary Methods.
Optical densitometry of COMT-immunoreactive cells
Quantification of COMT-immunoreactive cells in the three prefrontal cortical regions (CG, PL, IL) of the right brain hemisphere was achieved by means of optical densitometry using ImageJ software (ImageJ, NIH, USA). Optical densitometry was chosen because COMT protein was found to be expressed primarily at the cell periphery of prefrontal cortical cells, thus forming a cell membrane-like expression pattern (see Fig. 3 b) . This expression pattern readily undermined the precise delineation of individual COMT-positive cells, which would be necessary for cell quantification by stereological analyses. A detailed description of the densitometric analyses performed can be found in the Supplementary Methods.
Statistical analysis
All cognitive and immunohistochemical data were analysed using parametric ANOVA, followed by restricted ANOVA whenever appropriate as fully described in the Supplementary Methods. Correlative analyses between cognitive measures and immunohistochemical data were performed using first-order partial correlations, partialling for prenatal treatment. Such partial correlations were used in order to control for the effects of the independent variable of prenatal treatment. Statistical significance was set at p<0.05 for all analyses. All statistical analyses were conducted using the statistical software SPSS version 13.0 (SPSS Inc., USA).
Results
Effects of prenatal immune challenge on spatial working memory in the cheeseboard task
The critical measure of working memory in the matching-to-position paradigm of the cheeseboard task is the reduction in time spent and/or distance moved to find the location of the rewarded hole from trial 1 (when the location of the platform was essentially unknown to the subjects) to trial 2. There were no signs of working-memory impairment in prenatally immune-challenged offspring relative to control offspring when the animals were tested in trials presented with a minimal (i.e. 2-min) or 5-min interval between trials 1 and 2. Hence, male and female offspring from both groups displayed a clear reduction in the latency and distance moved to find the rewarded hole in trial 2 relative to trial 1 (Fig. 1 However, offspring born to immune-challenged mothers displayed impaired working memory when the interval interposed between trials 1 and 2 was increased to extended delays. This delay-dependent working-memory deficit in PolyI :C offspring started to appear at the 10-min delay condition and was most pronounced and statistically significant under the 15-min delay condition (Fig. 1) . When an ITI of 15 min was used, only control offspring showed a significant reduction in latency and distance moved from trials 1 to 2, whilst offspring born to PolyI :C-treated mothers failed to show a comparable improvement (Fig. 1) . Statistical support for these impressions was obtained by the 2r2r2r6 (prenatal treatmentrsexrtrialr day) ANOVA of latency or distance moved in the 15-min test condition, which revealed a significant interaction between prenatal treatment and trial [latency : F(1, 17)=5.52, p<0.05 ; distance : F(1, 17)= 4.36, p<0.05]. Subsequent ANOVA restricted to the control group confirmed the significant reduction in the latency and distance moved to find the location of the rewarded hole in trial 2 relative to trial 1 [latency : F(1, 9)=5.24, p<0.05 ; distance : F(1, 9)=4.97, p<0.05]. Furthermore, a 2r2r6 (prenatal treatmentrsexr day) ANOVA of latency or distance moved restricted to trial 2 revealed a significant main effect of prenatal treatment in both measures [latency : F(1, 17)=5.25, p<0.05 ; distance : F(1, 17)=4.51, p<0.05]. These effects of the prenatal treatment were similarly apparent across different testing days and in both male and female subjects.
Effects of prenatal immune challenge on spatial recognition memory
The critical measure of spatial recognition memory is the relative time spent in the novel (previously unexplored) arm during the choice phase of this test. When PolyI :C and control offspring were tested using a minimal retention interval of 2 min between the initial sample and subsequent choice phase, animals from both groups displayed a noticeable preference towards the novel spatial environment during the critical choice phase. Indeed, as depicted in Fig. 2 a, both PolyI :C and control offspring spent more relative time in the novel as opposed to the previously explored arms, thus clearly performing above a chance level of 33.3 %. The 2r2 (prenatal treatmentrsex) ANOVA of the percent time spent in the novel arm [as calculated by formula (1) above] did not reveal any significant main effects when the spatial novelty preference test was run using the 2-min retention interval.
However, when an extended retention interval of 15 min was interposed between the initial sample and subsequent choice phase, offspring born to PolyI :Cchallenged mothers no longer displayed a preference towards the novel arm vs. the previously explored arms (Fig. 2a) . In contrast, control offspring continued to show a clear spatial novelty preference at this retention interval (Fig. 2 a) . This led to a marked difference between the percent time spent in the novel arm displayed by PolyI :C and control offspring (Fig. 2 a) . Statistical support for these impressions was yielded by the 2r2 (prenatal treatmentrsex) ANOVA of the percent time spent in the novel arm during the choice phase of the 15-min retention interval test, which revealed a significant main effect of prenatal treatment [F(1, 17)=11.59, p<0.01]. Consistent with the results obtained in the spatial working-memory tests in the cheeseboard maze, the effect of prenatal PolyI :C-induced immune challenge on spatial novelty preference disruption was evident in both male and female offspring. The graph depicts the percent time spent in the novel (previously unexplored) arm during the choice phases of the 2-min and 15-min retention interval tests. Note that both control (%) and PolyI :C ( ) offspring clearly performed above chance level (indicated by the dashed line) when they were tested using a minimal (2-min) retention interval. However, PolyI :C offspring showed a marked deficit in spatial recognition memory relative to control offspring when tested under the extended (15-min) delay condition. ** p<0.01 reflects the significant main effect of prenatal treatment in percent time spent in the novel arm.
(b) The graph depicts the total distance moved on the Y-maze during the choice phases of the 2-min and 15-min retention interval tests. There were no group differences in this measure at both retention intervals used. All values are means¡S.E.M. n(control)=11 (5 male, 6 female), n(PolyI :C)=10 (5 male, 5 female).
The additional analyses of total distance moved during the choice phase of the 2-min and 15-min retention tests showed that general locomotor activity was highly comparable between PolyI :C and control offspring (see Fig. 2 b) . Similarly, locomotor activity did not differ between the two groups during the sample phase of the test (data not shown). Hence, the prenatal PolyI :C-induced disruption of spatial novelty preference (specifically in the 15-min retention interval condition) could not be accounted for by possible confounds resulting from differences in general locomotor and exploratory activity in the Y-maze.
Effects of prenatal immune challenge on prefrontal cortical AKT1 and COMT protein expression
Our immunohistochemical analyses showed that AKT1 protein was abundantly expressed in all three major subregions of the PFC (i.e. in the CG, PL and IL). AKT1-positive cells were clearly identifiable by the presence of darkly stained cell bodies in these regions (see Figs 3 b, 4b ). Most importantly, unbiased stereological estimations revealed a marked reduction in the number of AKT1-positive cells in prenatally immunechallenged offspring relative to control offspring (Fig. 4 a) . This effect of the prenatal immunological insult emerged in both male and female subjects and was largely independent of the precise subregion investigated. The 2r2 (prenatal treatmentrsex) ANOVA of AKT1-positive cell numbers in the CG, PL and IL revealed a significant main effect of prenatal treatment for each prefrontal cortical subregion [CG : F(1, 16)=24.03, p<0.001 ; PL : F(1, 16)=7.73, p<0.05 ; IL : F(1, 16)=16.40, p<0.001]. The between-subjects factor of sex never interacted significantly with the between-subjects factor prenatal treatment.
In addition to the stereological assessment of AKT1-positive cells, we also measured prefrontal AKT1 expression in terms of optical densitometry. Importantly, the densitometric analyses showed that similar to the outcomes in the stereological analyses, prenatal immune activation led to decreased AKT1 density in all three subregions of the PFC (data not shown). Hence, it is unlikely that prenatally immune challenged animals could have compensated for a reduction in AKT1-positive cell numbers with increased production of AKT1 per cell.
We also explored the effects of prenatal PolyI :Cinduced immune activation relative to prenatal control treatment on the expression of COMT in the CG, PL and IL subregions of the PFC. The densitometric analyses of COMT protein expression did not provide any evidence for a significant effect of prenatal immune activation on COMT protein expression in any of the three prefrontal cortical subregions of interest. The mean¡S.E.M. of COMT optical densities in the CG, PL and IL subregions of the PFC are provided for each experimental group in Table 1 .
Correlative analyses between cognitive performance and prefrontal cortical AKT1 or COMT expression
For the purpose of the correlative analyses between the cognitive measures and immunohistochemical data, we selected the longest (15 min) retention interval in each cognitive test because of the clear presence of impaired cognitive performance in prenatally immune challenged offspring when tested under extended delay conditions (see Figs 1 and 2 ). Workingmemory performance in the cheeseboard test was indexed by the improvement in the latency (seconds) to find the location of the rewarded hole from trial 1 to trial 2 ; and spatial recognition memory in the Y-maze test was indexed by the percent ( %) time spent in the novel arm during the choice phase. These cognitive indexes were then correlated with the stereological and densitometric measures of AKT1 and COMT, respectively, using first-order partial correlations controlling for prenatal treatment (control or PolyI :C). Working-memory performance under the extended (15 min) ITI delay generally correlated positively with the number of AKT1-positive cells in all three regions of the PFC (see Fig. 5a ). However, after adjusting the correlations for the independent variable of prenatal treatment, only the correlation between AKT1-positive cells in the CG subregion of the PFC and workingmemory performance in the cheeseboard maze met criteria for significance (r=+0.52, d.f.=17, n=20, p<0.05 ; Fig. 5b ). Cognitive performance in the Y-maze spatial novelty preference test also positively correlated with the number of AKT1-positive cells in the prefrontal cortical areas of interest (Fig. 5 b) . More specifically, AKT1-positive cells in both the CG and PL subregion of the PFC showed a significant positive correlation with spatial recognition memory in the Y-maze test (CG : r=+0.47, d.f.=17, n=20, p<0.05 ; PL : r=+0.57, d.f.=17, n=20, p<0.05), whilst the correlation between AKT1-positive cells in the IL subregion and spatial recognition memory failed to attain statistical significance (Fig. 5 b) .
On the other hand, cognitive performance in the working-memory (cheeseboard) and spatial recognition memory (Y-maze) tests generally correlated All values refer to mean¡S.E.M. ; n(control)=10 (5 male, 5 female), n(PolyI :C)=10 (5 male, 5 female).
inversely with the density of COMT protein in the PFC (see Fig. 6 ). Out of the six possible correlations, two attained statistical significance after adjustments for the independent variable of prenatal treatment : COMT density in the PL subregion showed a significant negative correlation with working-memory performance as assessed in the cheeseboard maze task (r=x0.42, d.f.=17, n=20, p<0.05 ; Fig. 6 a) , and COMT density in the IL subregion correlated significantly with spatial recognition memory as assessed in the Y-maze (r=x0.47, d.f.=17, n=20, p<0.05 ; Fig. 6b ). We also conducted partial correlations between the number of AKT1-positive cells and COMT optical density in each of the three prefrontal cortical subregions in order to explore whether there may be a significant relationship between these markers in the PFC. In all three prefrontal cortical regions, there appeared to be negative correlations between AKT1-positive cells and COMT optical density ; however, none of these correlations attained statistical significance (CG : r=x0.22, d.f.=17, n=20, p=0.38 ; PL : r=x0.29, d.f.=17, n=20, p=0.26 ; CG : r=x0.24, d.f.=17, n=20, p=0.32 ; data not shown).
Discussion
Our study provides the first experimental evidence for a significant environmental influence in the form of prenatal exposure to a viral-like acute phase response on altered AKT1 protein expression in the PFC. The present data demonstrates that prenatal PolyI :Cinduced immune challenge in mice leads to a marked reduction in the number of AKT1-positive cells in all three major subregions of the PFC (CG, PL, IL) at adult age (Fig. 3) . These structural changes were accompanied by the presence of both spatial working and recognition memory impairments. Consistent with the emerging role of AKT1 signalling in normal and abnormal prefrontal cortical structure and function (Lai et al. 2006 ; Tan et al. 2008 Tan et al. , 2009 , our findings thus highlight that abnormal AKT1 expression in the PFC may be an important cellular link between prenatal immune challenge and emergence of cognitive deficits in adulthood.
The present hypothesis of a critical link between prefrontal cortical AKT1 deficiency and emergence of cognitive impairment is further supported by the positive correlations between the number of AKT1-positive cells in the PFC and cognitive performance in spatial working-memory and novelty preference tests. We found that in the extended (15-min) retention interval conditions, in which prenatally immune challenged animals displayed clear impairments in spatial working memory (Fig. 1 ) and spatial recognition memory (Fig. 2) , reduced numbers of AKT1-positive cells correlated with poor performance in both cognitive tests (Figs 5, 6) . Even though our study does not provide evidence for a causal relationship, our findings highlight the possibility that reduced AKT1 expression in the PFC undermines spatial working memory and recognition memory when the demand on temporal retention is high.
The prenatal infection-induced disruption of adult cognitive functions (Figs 1, 2 ) and prefrontal AKT1 expression (Fig. 4) emerged in the absence of concomitant alterations in prefrontal cortical COMT protein density (Table 1 ). This suggests that prenatal exposure to viral-like infection may not represent a significant environmental risk factor for long-term alterations in prefrontal COMT density. However, despite the lack of a significant group difference between prefrontal cortical COMT densities in prenatally immune challenged and control offspring (Table 1) , we found significant inverse correlations between COMT protein density in the PFC and spatial working memory (Fig. 5 b) and recognition memory (Fig. 6 b) . This inverse correlation is consistent with reports showing that enhanced COMT activity in homozygote valine-valine (Val-Val) allele carriers is associated with impaired executive functions and working memory in human subjects with or without overt neuropsychiatric disorders (de Frias et al. 2005 ; Diaz-Asper et al. 2006 ; Goldberg et al. 2003 ; Malhotra et al. 2002 ; Tan et al. 2007 Tan et al. , 2009 .
The null effect of prenatal PolyI :C-induced immune activation on COMT protein density, together with its prominent influence on AKT1-positive cells, is indicative of a selective long-term neuropathological impact of prenatal exposure to immune activation on the prefrontal dopamine system. This is consistent with our recent demonstration that late prenatal PolyI :C-induced immune activation in mice does not lead to changes in dopamine D 1 receptor densities in the adult PFC (Meyer et al. 2008a) . Prefrontal D 1 receptors have long been suggested to critically modulate PFC-dependent cognitive functions, including working memory (Sawaguchi & Goldman-Rakic, 1991 , 1994 Williams & Castner, 2006 ; Williams & GoldmanRakic, 1995) . More specifically, modulation of working memory by dopamine in the PFC appears to follow an inverted U-shaped function, with too much or too little D 1 activation leading to deficient working memory (for a review, see Seamans & Yang, 2004 ; Williams & Castner, 2006) . However, in contrast to the suggested role of prefrontal D 1 receptors in PFC-dependent cognitive functions, late prenatal immune challenge in mice leads to spatial working and recognition memory impairments in the absence of altered prefrontal D 1 receptor densities (Meyer et al. 2008c) .
The present findings of reduced prefrontal cortical AKT1 expression may thus provide an alternative cellular mechanism by which altered dopaminergic signalling can contribute to prenatal infection-induced cogntive dysfunctions in adulthood. Indeed, AKT1 appears to be critically involved in the down-stream signalling cascade of dopamine D 2 receptor activation (Beaulieu et al. 2004 (Beaulieu et al. , 2005 , and dopamine D 2 receptors are suggested to play a complementary role to D 1 receptors in the regulation of working memory (Floresco & Magyar, 2006 ; Goldman-Rakic, 1996 ; Tanaka et al. 2004 ). More specifically, by reducing the barriers for new information to be established in cortical networks, dopaminergic signals conveyed through dopamine D 2 receptors are believed to enable new information to be rapidly updated and/or manipulated online. This D 2 -dependent process ensures that salient new information relevant for the guidance of ongoing behaviour is rapidly processed and updated online. Since an essential component of spatial working memory and recognition memory is to update relevant information for the planning and/or guidance of ongoing behaviour, disturbances in dopamine D 2 -related processes can also be expected to impair performance in these cognitive processes.
Our study is centred upon the impact of infectioninduced AKT1 deficiency in the PFC on spatial working memory and recognition memory. In addition to the PFC, several other regions are known to be critical for these cognitive functions, especially the hippocampus (Bannerman et al. 2004 ; Kesner & Hopkins, 2006) . We have also attempted to evaluate the effects of prenatal immune challenge on hippocampal AKT1 protein expression. However, in contrast to its abundant expression in cortical structures (see Figs 3, 4) , the protein levels of AKT1 were generally low in the hippocampus of adult C57BL/6 mice (data not shown). This readily undermined a reliable assessment of AKT1 protein in prenatally immune challenged and control offspring by the chosen immunohistochemical methods. Another limitation of the present study is that we did not explore potential influences of prenatal immune activation on other components of the AKT1 signalling pathway such as phosphoinositide 3 kinases (PI3 kinases) or glycogen synthase kinase 3 beta (GSK3b), which act upstream and downstream of AKT1, respectively (Lindsley et al. 2008) . These issues should be addressed in future studies in order to ascertain whether prenatal viral-like immune challenge may specifically affect the (prefrontal cortical) expression of AKT1, or whether this prenatal immunological insults may negatively influence multiple components of the AKT1 signalling pathway. Furthermore, it remains to be further explored whether the reduction in prefrontal AKT1 expression following prenatal immune challenge may represent a primary immune-mediated effect (Meyer et al. 2008a ; Wang et al. 2008) , or conversely, whether this may represent a secondary effect emerging in response to other primary neuropathological deficits induced by the prenatal immunological insult . If the former is the case, then one would expect that prenatal immune challenge may lead to altered AKT1 expression already during fetal and/or neonatal stages of life. Additional longitudinal studies are warranted in order to explore the ontogenetic mechanisms of altered AKT1 expression following prenatal immune challenge. schizophrenia research (Meyer et al. 2007 Patterson, 2009) , it would be highly interesting to explore whether anti-inflammatory treatments may be effective in normalizing the neuropathological and behavioural deficits induced by prenatal immune activation. Further examination and evaluation of immune-related genetic and environmental influences on AKT1 expression may thus provide important new insight into the neural basis of psychosis-related behaviour and may open a new avenue for the development of effective pharmacological treatments of cognitive symptoms in schizophrenia.
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